OBJECTIVE: Withdrawal of testosterone prevents the development of hyperglycaemia in male Otsuka-Long-EvansTokushima Fatty (OLETF) rats, a model of non-insulin-dependent diabetes mellitus (NIDDM), but the exact mechanism has not been established. The present studies were undertaken to examine a possible role of testosterone in the development of obesity in young OLETF rats who have not shown marked hyperphagia. METHODS: Body weight, food intake and circulating concentrations of metabolic factors including immunoreactive leptin (IRL) were measured at ®ve weeks of age in young male OLETF rats and their lean controls, Long-EvansTokushima-Otsuka (LETO) rats. At six weeks of age, both LETO and OLETF rats were bilaterally orchiectomized (Orchx) and half of each group implanted with a silastic tube containing testosterone. After a three week observation period, all animals were killed and circulating concentrations of metabolic factors and the ob gene expression in retroperitoneal white adipose tissues were measured. RESULTS: Body weight and 24 h food intake were already increased in OLETF rats at ®ve weeks of age. Serum testosterone concentrations were signi®cantly lower in OLETF rats than in LETO rats. Expression of the ob gene was signi®cantly decreased in the retroperitoneal white adipose tissue of OLETF rats, and their serum IRL concentrations were lower. Food intake and body weight gain for three weeks after the operation were signi®cantly lower in the Orchx group of OLETF rats than in the sham-operated group. Hyperglycaemia, accompanied by hyperinsulinaemia, was attenuated by orchiectomy in OLETF rats. Circulating IRL concentrations were signi®cantly higher in OLETF rats than in LETO rats and decreased by orchiectomy. Testosterone supplement reversed all of the changes caused by orchiectomy in OLETF rats. In contrast, the changes, which were observed after orchiectomy in OLETF rats, were not obvious in LETO rats. CONCLUSION: The present data indicate that testosterone plays a role in the development of obesity and NIDDM in young OLETF rats, but that changes of leptin production in white adipose tissue may not be important in the development of obesity in young OLETF rats.
Introduction
The Otsuka-Long-Evans-Tokushima Fatty (OLETF) rat is a model of non-insulin dependent diabetes mellitus (NIDDM), established by Kawano et al. 1 Peripheral insulin resistance precedes impairment of pancreatic b-cell function in OLETF rats, and insulin resistance seems closely related to fat deposition in the abdominal cavity of OLETF rats. 2 Caloric restriction and exercise training have been reported to be effective in preventing the development of NIDDM in OLETF rats, like other animal models of NIDDM. 3, 4 On the other hand, testosterone has been found to reduce glucose intolerance. 5 Recent studies added new ®ndings that testosterone is involved in the glucose metabolism of rat skeletal muscle 6 and an increase in visceral fat accumulation. 7 Withdrawal of testosterone after orchiectomy has been reported to prevent the development of hyperglycaemia in OLETF rats, 8 indicating a possible role of testosterone in the establishment of NIDDM in this model. In contrast, ovariectomy increased the incidence of diabetes mellitus and estradiol supplement restored the incidence of diabetes mellitus in female OLETF rats. High incidences of diabetes mellitus in male rats have also been observed in Wistar Fatty rats (faafa) 9 and Zucker Fatty rats. 10 These data indicate that testosterone might be involved in the development of NIDDM in rodents. However, the exact mechanism by which testosterone promotes the development of hyperglycaemia has not been established in these animal models of NIDDM including OLETF rats.
Recently, the ob gene has been cloned in genetically obese (obaob) mice, and a genetic abnormality in the ob gene resulting in low plasma leptin levels has been found to play a critical role in the development of obesity and NIDDM in this model. 11 In addition, a mutation in the leptin receptor has been reported to be involved in the development of diabetes mellitus in genetically diabetic (dbadb) mice and Fatty Zucker rats, 12, 13 but the attempts to detect changes in ob gene expression andaor circulating leptin concentrations have not been made in OLETF rats. There is a gender difference in circulating leptin levels in humans, however. 14, 15 We have recently demonstrated that estrogen increases the relative ob gene mRNA levels and circulating leptin concentrations in ovariectomized Wistar rats, 16 and a signi®cant difference between circulating leptin concentrations in males and postmenopausal women has been found in our study and another report, indicating the involvement of androgen in the gender difference of circulating leptin levels in humans. 15, 16 ; Since testosterone is thought to be involved in the development of NIDDM in OLETF rats, there is a possibility that ob gene expression may be altered in these rats.
The present studies were undertaken to examine a possible role of testosterone in the development of obesity in young OLETF rats which do not yet show clear hyperglycaemia. In addition, strain differences and the effects of orchiectomy and testosterone supplement on adipose tissue leptin production were investigated in this model of NIDDM.
Materials and methods

Animals
Both OLETF rats and their lean controls, Long-EvansTokushima-Otsuka (LETO) rats, were kindly provided by Tokushima Research Institute (Otsuka Pharmaceutical, Tokushima, Japan). The LETO rats are lean controls which are obtained from the same colonies of Long-Evans rats, and therefore, have the same genetic backgrounds as OLETF rats. All animals were maintained in a temperature-controlled room (22 AE 1 C). They were supplied with standard rat Purina chow pellets (Oriental Yeast, Osaka, Japan) and tap water ad libitum.
Body weight and daily food intake were measured in young male LETO and OLETF rats at the age of ®ve weeks. After the measurement of daily food intake for three days, the animals were killed. Rightside subcutaneous, right-side whole retroperitoneal and total mesenteric white adipose tissues (SWAT, RWAT, MWAT) were immediately dissected according to the method of Krotkiewski and Bjo Èrntorp. 17 The upper area of SWAT is the caudal border of the xiphoid process of the sternum and the lower, urological organ and side, the dorsal and ventral midline of the body. The weight of SWAT, RWAT, MWAT was measured after blood collection. A sample of fat mass was immediately dissected from right RWAT and used for the ob gene mRNA determination, as described below. After centrifugation, the obtained sera were frozen at 720 C until assayed. In the second experiment, both LETO and OLETF rats were sham-operated or bilaterally orchiectomized (Orchx) at six weeks of age and half of them were implanted with a silastic tube containing testosterone. Bilateral orchiectomy was performed through scrotal incision under light ether anaesthesia. In Orchx rats with testosterone supplement, 1 cm of the silastic tube (inner diameter 1.56 mm, outer diameter 3.15 mm; Dow Corning Corporation, Midland, MI, USA) containing 3 mg testosterone (Sigma Chemical Co, St Louis, MO, USA) was simultaneously implanted through a small incision in the skin over the back of anaesthetized rats, according to the method of Morin and Cummings. 18 Changes in body weight and daily food intake were observed for three weeks after the operation. Following three-week observation, all animals were killed and a piece of RWAT was immediately dissected and used for the determination of ob gene mRNA expression. After centrifugation sera were also kept at 720 C before assay.
Determination of ob gene mRNA expression
The fat mass sample was sonicated in 0.8 ml of Isogene (Nippon Gene, Tokyo, Japan) and centrifuged at 12 000 rpm for 10 min. The supernatant containing total RNA was taken from each sample and total RNA was extracted according to the protocol supplied by the manufacturer. Then, ob gene and b-actin mRNA expression were measured by the reverse transcription-polymerase chain reaction (RT-PCR) method, using the following primers for the ob gene: forward primer;
H , according to the cDNA sequence of rat ob gene. 19 First strand cDNA was synthesized from the obtained total RNA as described in the Gene Amp EZ rTth RNA PCR kit (Perkin Elmer, Branchburg, NJ, USA) containing 1.0 U rTth DNA polymerase, 3 nmole of dCTP, dGTP, dTTT, dATP, and 5 pmole of each primer in 10 ml volume overlaid with mineral oil. PCR was performed for 31 cycles using a 1-min denaturation step at 94 C, a 1-min annealing step at 50 C and a 1-min extension step at 72 C. An additional 7-min extension step at 72 C was added after 31 cycles which were selected according to our preliminary results con®rming the linear increase of both ob gene and b-actin mRNA. PCR products were electrophoresed on a 6% polyacrylamide gel and visualized by ultraviolet¯uorescence following ethidium bromide staining. The intensity of¯uorescence of the band was calculated by NIH image.
Assays
Serum immunoreactive leptin (IRL) concentrations
were measured with a radioimmunoassay (RIA) kit for rat leptin (Linco Research; Inc, St Charles, MO, USA). 20 The limit of sensitivity for the rat IRL assay is 0.5 ng/ml. Within-and between-assay variations were 2.0±4.6%, 3.0±5.7%, respectively.
Serum immunoreactive insulin (IRI) concentrations were assayed with a commercially available RIA kit (Phadeceph Insulin, Pharmacia Japan, Tokyo, Japan) using rat insulin (Novo Nordisk AaS, Gentofte, Denmark) as a standard. Serum glucose concentrations were analyzed with an automatic analyzer by the glucose oxidase method.
Serum LH and FSH concentrations were assayed by RIA using immuno-reagents provided by the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK). Serum estradiol (E 2 ) concentrations were measured by RIA using an Estradiol Cortoria kit (CIS Diagnostic, Inc, Chiba, Japan). Serum corticosterone concentrations were measured by RIA using anti-corticosterone serum (corticosterone-3-CMO-3-SA). 21 Serum testosterone concentration was assayed by RIA using a DPC Total Testosterone Kit (Nippon DPC Corp, Tokyo, Japan).
Statistics
All data are expressed as means AE s.e.m. Statistical analysis was performed by the analysis of variance (ANOVA), followed by Duncan's multiple range test for individual comparisons of the means.
Results
i) Body weight, food intake and various metabolic factors at ®ve weeks of age As shown in Table 1 , body weight and food intake for 24 h were already increased in OLETF rats at ®ve weeks of age. The weight of each white adipose tissue tended to be heavier in OLETF rats than in LETO rats, but the differences were not statistically signi®cant between them. There was no difference in the MWATaSWAT (MaS) ratio, indicating that both fat compartments were increased by the same percentage. The weight of the testis was slightly, but not signi®-cantly lower in OLETF rats. Table 2 shows changes of humoral factors in both strains. Blood glucose and serum IRI concentrations were not signi®cantly higher in OLETF rats than in LETO rats. Serum testosterone concentrations were signi®cantly lower in OLETF rats than in LETO rats. In contrast, serum estradiol (E 2 ) levels in OLETF rats were not different from those of LETO rats, indicating that the conversion of testosterone to E 2 may be enhanced in white adipose tissues of OLETF rats.
The ratio of ob gene mRNA levels to b-actin mRNA levels was signi®cantly decreased in RWAT of OLETF rats (LETO rats: 0.314 AE 0.039 arbitrary units, OLETF rats: 0.119 AE 0.017 arbitrary units, P`0.01). Subsequently, serum IRL concentrations tended to be lower in OLETF rats than in LETO rats, as shown in Table 2 .
ii) Effect of orchiectomy on body weight gain, daily food intake for three weeks and changes in various metabolic factors Figure 1 and Figure 2 show chronological changes in daily food intake and body weight gain for three weeks after the operation. OLETF rats showed signi®cant increases in daily food intake and body weight gain for those three weeks, compared to LETO rats. Orchiectomy signi®cantly inhibited hyperphagia of OLETF rats, and subsequently, decreased body weight gain for the three weeks. Testosterone supplement reversed the effects of orchiectomy on daily food intake and body weight gain of OLETF rats. In contrast, the effects of orchiectomy on daily food intake and body weight gain were not observed in LETO rats. Changes of circulating hormonal and metabolic factor levels in both strains after orchiectomy are shown in Table 3 . OLETF rats had higher levels of serum glucose, IRI, LH and FSH than LETO rats. Serum testosterone levels were signi®cantly lower in OLETF rats, but serum E 2 levels were signi®cantly higher, suggesting that the conversion of testosterone to E 2 was enhanced in OLETF rats even at this age. Orchiectomy signi®cantly lowered the increase in blood glucose and serum IRI concentrations of OLETF rats, and testosterone supplement restored these effects, but any signi®cant effects of orchiectomy on blood glucose or serum IRI concentrations were not observed in LETO rats. Figure 3 demonstrated changes in the relative ratio of the ob gene mRNA levels to b-actin mRNA and serum IRL levels in both strains. The relative ob gene mRNA levels in RWAT of OLETF rats were no different from these in LETO rats at this age. Orchiectomy signi®cantly decreased the relative ob gene mRNA levels in OLETF rats and testosterone supplement reversed the reduction of the relative ob gene mRNA levels by orchiectomy. Serum IRL levels were signi®cantly higher in OLETF rats than in LETO rats. Serum IRL levels were signi®cantly decreased by orchiectomy in OLETF rats and testosterone supplement completely reversed the reduction of serum IRL levels by orchiectomy. However, those changes on the relative ob gene mRNA and serum IRL levels were not observed in LETO rats.
Discussion
The origin of obesity and peripheral insulin resistance in male OLETF rats is still unknown. There is a sexual dimorphism in the development of the obesity and peripheral insulin resistance in OLETF rats. 2 It has been reported that withdrawal of estrogen by ovariectomy, induced obesity and increased the incidence of diabetes mellitus in this animal model. Therefore, it is supposed that the induction of obesity may be related to peripheral insulin resistance in OLETF rats and that sex hormone may involve the development of peripheral insulin resistance, through modulating food intake and body weight gain.
The present studies demonstrated that withdrawal of testosterone by orchiectomy prevented the development of obesity and glucose intolerance in young OLETF rats, whereas it had no signi®cant effects in the control LETO rats. In the ®rst experiment, serum testosterone concentrations were signi®cantly lower in OLETF rats than in LETO rats, and the weight of the testis was lower at ®ve weeks of age in OLETF rats. However, serum corticosterone concentrations were higher in OLETF rats. Since the E 2 /testosterone ratio was signi®cantly increased in OLETF rats, the aromatase activity appears to be enhanced in adipose tissues of this strain. Serum testosterone levels in OLETF rats gradually increased with growth at 10 weeks of age (sham-operated rats in the second experiment), but were still lower than in LETO rats, and the reduction of circulating testosterone was accompanied by an increase of serum LH, FSH levels in OLETF rats. These ®ndings are indicative of reduced gonadal testosterone synthesis andaor secretion in young OLETF rats.
In the second experiment, orchiectomy improved both hyperglycaemia and hyperinsulinaemia, indicating improved peripheral insulin resistance by orchiectomy in OLETF rats, in spite of the preceding hypogonadism. In general, castration in male rats is followed by insulin resistance in muscle, alleviated by testosterone substitution. 22 Our previous data have shown that withdrawal of testosterone by bilateral orchiectomy failed to affect body weight gain, hyperglycaemia, and hyperinsulinaemia in genetically obese (obaob) mice. 23 Therefore, an improvement of obesity and peripheral insulin resistance by orchiectomy might be speci®c to OLETF rats. Taking into consideration our observations, it is proposed that the sensitivity to testosterone, regarding the development of peripheral insulin resistance perhaps in skeletal muscles and adipose tissues, may be enhanced in these obese rats and the complete withdrawal of testosterone should be necessary to improve peripheral insulin resistance in these rats.
Adipose tissue ob gene mRNA levels were decreased in young OLETF rats at ®ve weeks of age and gradually increased to the same level as in LETO rats at 10 weeks of age. Circulating IRL concentrations were lower at the age of ®ve weeks in young OLETF rats, but signi®cantly increased by 10 weeks of age, as a result of increases in ob gene expression and total body fat mass in OLETF rats. Orchiectomy signi®cantly decreased both the relative ob gene mRNA levels and serum IRL concentrations, and testosterone supplement restored the effects of orchiectomy on the ob gene mRNA levels and serum IRL concentrations in OLETF rats. The concentrations of E 2 , which is involved in ob gene expression, 16 were unaffected by orchiectomy and testosterone supplement in OLETF rats. These observations indicate that changes in ob gene expression of OLETF rats can be attributable to testosterone.
Leptin, the ob gene product, is thought to act on the central feeding center to inhibit food intake in rats. 24 The abnormalities in expression of the ob gene and the ob receptor gene have been reported in various models of obesity and NIDDM, 11±13,25 but the involvement of leptin has not been investigated in this model of NIDDM. While OLETF rats showed a hyperphagia with a decrease in circulating leptin concentrations at ®ve weeks of age, daily food intake of these rats n number in each group; ND not detectable; BG blood glucose; IRI immunoreactive insulin; T testosterone; E 2 estradiol.
* P`0.05, ** P`0.01 vs LETO rats, *** P`0.05, **** P`0.01 vs sham-operated rats in each strain.
was increased at the age of 10 weeks, with a signi®cant increase in circulating leptin levels. In addition, orchiectomy, which improved hyperglycaemia and hyperinsulinaemia, decreased body weight in OLETF rats, and also both ob gene expression and serum IRL levels as a result. The reduction of body fat mass and the reduction of circulating leptin, leading to the diminished anorexigenic message, did not cause hyperphagia in OLETF rats. The changes observed in the relative ob gene mRNA expression and circulating leptin levels did not parallel the changes of daily food consumption in OLETF rats. These observations indicate that the observed changes in ob gene expression and circulating leptin may not be important in the development of obesity in young OLETF rats. The data obtained herein indicate that testosterone plays an important role in the development of obesity and peripheral insulin resistance in young OLETF rats. However, changes in leptin production, from increased fat mass, may not be important in the development of obesity in this animal model of NIDDM.
